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Summary
In mammals, the increase in gene dosage, in the form of
polyploidy or involving chromosomal fragments, has delete-
rious effects [1]. Regulation of appropriate gene product
amounts has to be warranted by complex dosage-compen-
sation mechanisms. Lower vertebrates, on the other hand,
cope very well with ploidy increase [2–4], implying either ef-
fective compensation or a lack of necessity for such mecha-
nisms. Unfortunately, nothing is known about the genetic
and molecular mechanisms underlying this phenomenon.
For an experimental approach, we have studied gene expres-
sion in the allotriploid form of Squalius alburnoides. In these
organisms, different genomes are joined through hybridiza-
tion; thus, sequence differences can be used to follow
expression of different alleles [5, 6]. We found that a compen-
sation mechanism exists, reducing transcript levels to the
diploid state. Our data suggest a silencing of one of the three
alleles. Unexpectedly, it is not a whole haplome that is inac-
tivated. The allelic expression patterns differ between genes
and between different tissues for one and the same gene.
Our data provide the first evidence of a regulation mecha-
nism involving gene-copy silencing in a triploid vertebrate.
Results and Discussion
To investigate whether a regulation mechanism is operating on
gene dosage in a polyploid genome context, we used triploids
of the S. alburnoides complex. Triploids are the most predom-
inant and widespread form of this cyprinid fish complex, which
is composed of animals of different ploidy degrees and in-
cludes fertile sexual as well as rarer asexual forms (Figure 1)
[7, 8]. To determine whether gene dosage is compensated at
the expression level, we first tried to estimate the ratio be-
tween amounts of the b-actin transcript to b-actin gene dosage
by PCR and RT-PCR of coextracted DNA and RNA from liver of
diploid and triploid individuals. Although difficult to numeri-
cally quantify because of the limitations by the material, a ro-
bust tendency was observed for the RNA:DNA ratio to be lower
in triploids (Figure S2, available online). Then the amount of
transcripts in muscle, eye, liver, and gonad of diploid and
*Correspondence: phch1@biozentrum.uni-wuerzburg.detriploid fish was more precisely determined by quantitative
real-time RT-PCR analysis. The experimental procedure in-
volved an initial normalization step assuming a 1:1 DNA:RNA
ratio in diploids and triploids, although it should be considered
that the total amount of mRNA, which constitutes only a minor
fraction of total RNA, could be increased in triploids compared
to diploids. The analysis was performed for the housekeeping
genes b-actin, rpl8 (ribosomal protein l8), and gapdh (glyceral-
dehyde-3-phosphatedehydrogenase) and the gonad-specific
genes amh, dmrt1, and vasa. No significant differences were
found in expression levels between fish of different ploidy
and genome constitution, for all genes analyzed, both in so-
matic organs and gonads. The relative expression ratios ob-
tained from the comparison of diploid (AA, PP, and PA) to trip-
loid (PAA) samples were always approximately 1 (Table S1). In
summary, this indicated a possible dosage-compensation
mechanism in triploid fish, reducing expression to the diploid
level.
An obvious possibility to account for dosage compensation
could be the transcriptional silencing of a whole genome in
triploids. We therefore examined the allelic expression
patterns in gonads and somatic organs of allotriploid (PAA)
S. alburnoides, in which sequence differences resulting from
the presence of distinct genomes can be used to follow ex-
pression of different alleles [5, 6]. Diagnostic restriction-frag-
ment-length polymorphisms (RFLPs) and single-nucleotide
polymorphisms (SNPs) between the A and P genomes were
used to analyze the expression of three gonad-specific genes
(amh, dmrt1, and vasa), a tissue-specific gene for the eye (rho-
dopsin), and the housekeeping genes b-actin, rpl8, and gapdh,
ubiquitously expressed in all organs. RFLP analysis of vasa
and dmrt1 gene products in diploid hybrids (PA) revealed the
presence of specific fragments, corresponding to both ge-
nomes (P and A). In triploids, a clearly distinct situation was
observed (Figure S1): In most cases for dmrt1, and in all cases
for vasa, the banding pattern indicated exclusive expression of
the A genome allele. To confirm the observed pattern and to
extend the analysis to all genes considered, we performed
amplification and direct sequencing procedures for a total of
17 samples of diploid (4) and triploid (13) hybrids of S. albu-
rnoides. Sequence analysis of cDNA polymorphisms of
transcripts from gonads of the hybrid diploid fish revealed
a biallelic expression of all genes. In triploids, three scenarios
could be established, according to gene expression patterns
in the gonad: (1) Four genes show expression exclusively
from the A genome (vasa, b-actin, rpl8, and gapdh); (2) one
gene shows a biallelic expression in all triploids (amh); and
(3) one gene (dmrt1) shows biallelic expression in two individ-
uals, whereas the remaining twelve express only the A genome
(Figure 2A). The results were additionally confirmed by analy-
sis of twenty independently obtained sequences of the four
genes from two triploid individuals that showed differences
in the allelic expression of dmrt1 (PA versus AA).
We asked additionally whether this expression pattern was
gonad specific or if genes in other organs could be subjected
to similar allele-specific silencing. Polymorphisms at the cDNA
level implied an overall biallelic expression of the eye-specific
rodopsin gene in all diploids and triploids analyzed. In
Figure 1. Diversity of Genotypes and Reproductive Dynamics of the S. alburnoides Complex
(A) Genotypes of S. alburnoides found in the Tejo River Basin, according to ploidy and sex. Genomes of S. pyrenaicus (maternal ancestor) and of the
unknown paternal species are designated, respectively, as P and A.
(B) Specimen of S. alburnoides from the southern range of the complex (Tejo River Basin) (photo by Isabel Catala˜o).
(C) Reproductive mechanisms in the S. alburnoides complex of triploid PAA females: fertilization by P sperm, produced by normal meiosis by S. pyrenaicus;
fertilization by A sperm, produced by normal meiosis by nuclear nonhybrid males; and fertilization by PA sperm, produced clonally by diploid or tetraploid
hybrid males.
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S. alburnoides was in the majority of cases derived exclusively
from the A genome(s) (Figure 2B). Exceptions were observed
in two triploid individuals, for which b-actin in muscle and
eye exhibited expression of the P and A genomes. Interest-
ingly, for the same individuals, in the other organs, b-actin
expression was exclusively due to the A genome(s). The
same pattern of differential contribution of each genome was
observed when rp18 and gapdh expression in gonad and liver
of triploid individuals was examined: Although all gonad
samples were expressing only the A genome, the simulta-
neous occurrence of P and A transcripts was observed in
some liver samples (Figure 3).
The identification of exclusive contribution of diagnostic al-
leles of the A genome in some organs and/or genes of triploidindividuals by sequence analysis indicates that the P genome
alleles would be inactivated in these samples. Considering the
quantitative real-time PCR results, and assuming the most
parsimonious hypothesis of silencing of only one allele in trip-
loids, the observed dosage effects could result from the ex-
pression of the two homomorphic A alleles, indistinguishable
both by quantitative and qualitative methods because of the
absence of polymorphism. According to this hypothesis, ex-
clusive expression of the P genome should not happen in trip-
loid PAA hybrids, because this would result only in half the
dose for each gene. In fact, no gene expression pattern corre-
sponding exclusively to this genome was observed in our anal-
ysis. Considering the difficulties of determining the exact
amount of mRNA in diploids compared to triploids, we cannot
rule out the possibility that all three genome copies areFigure 2. Frequency of Allele-Specific Transcripts in Different Organs
(A) Four genes (vasa, amh, dmrt1, and b-actin) in 13 gonad samples of triploid (PAA) S. alburnoides individuals.
(B) b-actin gene in different organs of triploid (PAA) S. alburnoides individuals.
Genome-specific polymorphisms were identified for each organ: muscle and liver over a total of ten individual samples; eye over four samples. The obtained
frequencies of cDNA samples representing expression of the A, P, or both genomes are shown in the histograms.
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1346Figure 3. Frequency of Allele-Specific Transcripts in Different Organs
(A) rpl8 and (B) gapdh genes in gonad and liver of triploid (PAA) S. alburnoides individuals. Genome-specific polymorphisms were identified for each organ:
liver over a total of eight samples and gonad over a total of four samples. The obtained frequencies of cDNA samples representing expression of the A, P, or
both genomes are shown in the histogram.expressed in cases in which the P and A alleles were simulta-
neously identified. On the other hand, the hypothesis of silenc-
ing an entire haplome, more specifically, the silencing of the
whole minority genome (P), as suggested by the exclusion of
this genome from meiosis in triploid PAA S. alburnoides [5],
was contradicted by these results, in which some genes
show expression of A as well as P alleles. This hypothesis ap-
peared initially to be a reasonable explanation because in
a system where mechanisms account for genetic exclusion
of a certain haplome (always P) as a way to overcome the ‘‘mei-
otic crisis’’ imposed by triploidy, the mechanism used to
‘‘mark’’ the P genome could also be used and operate in
gene expression regulation.
A strong possibility to account for the observed gene-copy
silencing would be the occurrence of genomic imprinting
[9, 10], implying that gene expression control would be medi-
ated specifically by one parental genome, whereas copies in-
herited from the other parent would be silenced in the hybrid.
This idea would be supported by the possibility of occurrence
of imprinting effects in fish, as demonstrated in inheritance of
zebrafish transgenes [11]. However, our results do not seem to
fit the expectations of a parental imprinting process [12]. In the
case of a general imprinting mechanism, single-genome-me-
diated expression should be observed for the same gene in
all organs in triploid hybrids, according to the parental origin
of genomes. However, the actin gene analyzed here clearly
showed organ-specific differences in allelic expression.
Thus, a less directional modulation mechanism should be
considered to explain the maintenance of gene expression
levels in S. alburnoides. Such a mechanism might operate in
between the strict process of paternal origin-mediated expres-
sion, described for a number of vertebrates [13], and what
more recently has been referred as a more plastic regulatory
mechanism in plants [14]. One possibility to consider is
random genome inactivation. In fact, the identification of PA
alleles of dmrt1 in a number of gonads and the differential ex-
pression of b-actin copies in somatic organs of the same indi-
vidual could indicate that genome silencing would occur ran-
domly. However, the results obtained were not only
inconsistent, but clearly opposite to the 1:2 ratio of AA to PA,expected in case of random inactivation. The ratio of
expressed PA copies was approximately 0.23 in dmrt1 and
0.35 in b-actin (p = 0.001 for dmrt1 and p = 0.006 for b-actin,
calculated through 1000 randomizations and considering
a null hypothesis of random inactivation of one of the
genomes); this ratio was 0.29 in rpl8 and 0.38 in gapdh
(p = 0.013 for rp18 and 0.075 for gapdh), thus implying an
overall predominance of P genome-copy silencing for the
genes analyzed.
Globally, the results fit a gene- rather than an organ- or hap-
lome-specific silencing mechanism. The process does not
seem to be completely random, because a clear preference
in the expression of the majority (A) genome is observed.
The means by which the specific contribution of each genome
is regulated have yet to be determined, but it is possible that
similar modulation mechanisms could be involved in the ad-
justment of gene expression in a diploid context as a conse-
quence of differences in sex chromosome number [14] and
in the coordination of gene dosage imbalance in more dramat-
ically altered systems such as triploids. It remains an interest-
ing point for future studies whether the phenomenon reported
here acts without exception throughout the whole genome, if
like in X chromosome inactivation a certain number of genes
escape the dosage-regulation mechanism, or whether it is re-
stricted to a specific subset of genes. As shown in recent stud-
ies, the levels of efficiency and stability of sex-chromosome
compensation can vary between groups, ranging from a wide-
spread silencing in humans to a more plastic process in fruit
flies [15]. Likewise, it is possible that similarly a more plastic,
individual-gene-mediated dosage-compensation mechanism
also acts in hybrid fish. According to this, the observed excep-
tions for dmrt1 and b-actin could be leaks in an ongoing evo-
lution of a fine-tuning process regulating gene expression in
response to overdosage.
The possibility of occurrence of this type of regulation brings
up several questions not only regarding the functionality of
gene dosage-compensation systems but also within the
context of polyploid species evolution.
Here we report a gene-regulation mechanism involving
gene-copy silencing in triploid S. alburnoides. Whether this
process might be exclusive to this complex is still to be deter-
mined, and divergent clues come from distinct groups. In the
allotriploids of the genus Poeciliopsis, triallelic expression in
a number of allozyme loci and the assessment of ploidy on
the basis of allelic dosage suggest that all genome copies
are contributing to overall expression and that no silencing oc-
curs at the loci under analysis [16, 17]. Conversely, in other
studies involving the triploid unisexual Poecilia formosa, indis-
tinguishable expression between diploids and triploids was
observed at several allozyme loci [18]. More recently, individ-
ual variation in pigmentation phenotypes resulting from
crosses involving Poecilia formosa individuals indicates differ-
ential contribution of genomes to overall expression and sug-
gests that a comparable gene-copy silencing process may
also occur in this polyploid species [19]. Evidence of a mecha-
nism that leads to a diploid state of genic activity also comes
from comparisons between protein contents and enzyme ac-
tivities of tetraploid and diploid counterparts of teleost
[20, 21] and anuran [22] species. Thus, the same mechanism
could also have a role in the regulation of gene expression in
autopolyploids, but the possibility of a widespread occurrence
among the different groups is yet to be demonstrated. Auto-
polyploid systems, however, offer less experimental potential
in terms of understanding the gene-regulation process
because, unlike allopolyploids such as S. alburnoides or
P. formosa, the contribution of individual genomes cannot
be identified on the basis of genome-specific sequence poly-
morphism.
In a broader sense, the present results imply that balanced
expression and functional ‘‘diploidization’’ could in fact be
necessary and that dosage compensation might be an
extremely relevant factor contributing to the success and per-
petuation of polyploids among lower vertebrates [23]. These
findings might constitute a starting point toward the elucida-
tion of important questions of genome evolution, namely,
how genome regulation takes place in polyploid species,
how dosage compensation can have a major role in the com-
plex problem of odd genome regulation and perpetuation,
and what factors allow lower vertebrates to endure and main-
tain ploidy changes so effectively.
Experimental Procedures
Samples
A total of 17 hybrid diploid (4) and triploid (13) specimens of S. alburnoides
were collected from the Tejo River Basin (Portugal), where all forms that
compose the complex are putatively present [7]. Five specimens of nuclear
‘‘nonhybrid’’ males of S. alburnoides and four of S. pyrenaicus (maternal an-
cestor of the complex) were morphologically identified and collected to be
used as diploid controls of the A and P genomes. The determination of
genotype identity of individual samples was performed by a conjoined ap-
proach of flow-cytometry measurements and the analysis of microsatellite
variation.
Ploidy Determination
Blood samples were drawn from the caudal vein, stabilized in buffer (40 mM
citric acid trisodium salt, 0.25 M sucrose, and 5% dimethyl sulfoxide), and
immediately frozen at 280C. Flow-cytometry measurements were con-
ducted according to standard methods, used previously in the study of
the complex [24].
DNA and RNA Extraction
Total genomic DNA was obtained from fin clips following standard protocols
of digestion with SDS and proteinase K and phenol/chlorophorm extraction
[25]. Total RNA was extracted from organs of S. pyrenaicus and S. albu-
rnoides with the TRIZOL reagent (GIBCO-BRL) according to the supplier’s
recommendation. First-strand cDNA was synthesized with RevertAid First
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DNA was additionally obtained from each organ sample used for RNA
extraction.
Microsatellites
Individual genotypes were obtained by cross-species amplification of four
microsatellite loci (LCO1, LCO3, LCO4, and LCO5) and genome-specific al-
lele identification, as already used in the study of the complex [26]. Diploid
S. alburnoides were genotyped as PA (hybrids) and AA (nuclear ‘‘nonhy-
brid’’). All triploids were genotyped as PAA from fin clips and identified by
the presence of three alleles for at least one locus. Organ genotypes in
each individual were checked by parallel amplification of the four micro-
satellite loci.
Gene Isolation
Sequences of the teleost orthologs of a total of seven genes, both organ-
specific (amh,dmtr1, vasa, and rodopsin) and ubiquitously expressed (b-ac-
tin, rpl8, and gapdh), were used as templates for the design of degenerated
primers for each candidate gene. Forward primers were tested in rapid am-
plification of cDNA ends. First-strand cDNA (including the 30-end informa-
tion of mRNA) was reversed transcribed from testis RNA with the 30 RACE
System (Invitrogen). Amplification was performed with an adaptor primer
and the gene-specific forward primer. PCR conditions were as follows: pre-
heating at 94C for 3 min, 30 cycles at 94C for 45 s, 52C for 40 s, and 72C
for 3 min and a final extension at 72C for 15 min. Under the same conditions,
primer pairs were tested in S. pyrenaicus (PP) and S. alburnoides (AA) cDNA
samples, and the resulting sequences from the two procedures were used
as templates for designing specific primers (Table S2). Polymorphic sites
for the two genomes (A and P) were identified for the seven genes by se-
quence alignment, with Sequencher ver. 4.0 (Gene Codes Corporation).
Sequence Analysis and Genome Expression
cDNA samples from adult gonad of diploid (PA) and triploid (PAA) hybrid
S. alburnoides were used as templates for independent amplification and
direct sequencing of gene products of six genes: amh, dmrt1, vasa, rpl8,
gapdh, and b-actin. On the basis of the identified polymorphic sites between
the two genomes, the presence of single-genome copies (exclusively A or P)
or of both genomes (identified in ambiguous positions) was determined
through sequence comparison. Two (vasa, rp18, gapdh) to four sequences
(dmrt1, amh, b-actin) were obtained per individual per organ. For two trip-
loid individuals (genotyped as PAA), a total of 20 sequences for each gene
were obtained, from two independent RNA extractions, four distinct
cDNA-synthesis procedures, and independent PCR reactions. Partial se-
quences of the b-actin, rpl8, gapdh, and rodopsin genes were obtained
from organ samples (liver, muscle, and in the latter case, only eye) of diploid
and triploid hybrid individuals. According to the presence of sequence dif-
ferences at informative positions, the expression of the two or only one
genome type was determined for the obtained sequences. The significance
of the observed frequencies of expression was assessed by 1000 random-
izations, considering the null hypothesis of random inactivation of each
genome.
Restriction Analysis
Partial gene products, obtained from cDNA amplification with gene-specific
primers, were digested with enzymes that generate differential restriction-
fragment polymorphisms between the P and A genomes, identified by
MetaPhor Agarose (Cambrex) gel electrophoresis. AciI was used for the dif-
ferential restriction of amh and dmrt1 gene products, SfaNI for b-actin, RsaI
for rodopsin, and BfaI for vasa. Restriction was performed for 1 hr at 37C.
For an example, see Figure S1.
Determination of b-Actin-RNA/DNA Levels
To assess whether there was a decrease in the RNA amount relative to ge-
nomic DNA content in triploids, we have conducted PCR experiments for
the single-copy b-actin gene, with DNA and cDNA samples from liver of
three diploid S. pyrenaicus and two triploid S. alburnoides as templates. Ge-
nomic DNA and total RNA were extracted simultaneously from each sample
with the AllPrep DNA/RNA Mini Kit (QIAGEN). Amplification of DNA and
cDNA templates was conducted with b-actin primers (Table S3). PCR con-
ditions were as follows: preheating at 94C for 3 min, 30 cycles at 94C for
45 s, 60C for 40 s, and 72C for 3 min and a final extension at 72C for
15 min. Products were run in a 1.5% agarose gel and densitometrically
quantified with ImageG (Figure S2).
Real-Time PCR Analysis
Primers and specific TaqMan probes for the b-actin, rpl8, gapdh, dmrt1,
amh, and vasa genes were designed on the basis of the common regions
of sequences of the P and A genomes (obtained from S. pyrenaicus and
S. alburnoides samples) (Table S3). Reactions were conducted on an iCycler
iQ Real Time PCR equipment (50C for 2 min; 95C for 10 min; 50 cycles at
60C for 1 min), visualized with iCycler iQ Real-Time Detection System Soft-
ware. A subsample of muscle, liver, eye, and gonad RNA of individuals of dif-
ferent sex, genotype, and ploidy were selected for amplification. Total RNA
quantification was performed with a Nanodrop ND-1000 Spectrophotome-
ter, and normalization of template RNA quantity was performed before
cDNA synthesis with SUPERSCRIPT III 1st Strand cDNA Synthesis Kit (Invi-
trogen), with oligo dT primers. Relative quantification was performed
against initial quantity of nucleic acid, and reaction efficiency and replicabil-
ity was assessed by generation of a standard curve. Triplicates of each sam-
ple were used both for standard curve generation and during experimental
assays. Amplification of the same samples was performed three times, and
reproducibility of results was confirmed. Relative expression ratios were
determined through direct comparison of Ct value averages of triplicates
between diploid controls (AA, PP, and PA) and triploid (PAA) samples,
with the approach described in a study of Z-linked gene expression and
sex-specific dosage compensation in birds [27].
Supplemental Data
Supplemental Data include three tables and two figures and can be found
with this article online at http://www.current-biology.com/cgi/content/full/
18/17/1344/DC1/.
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